Proton exchange membrane fuel cells ͑PEMFCs͒ are gaining popularity due to their benefits such as environmental friendliness and increased fuel efficiency. Because of the difficulties inherent to storing hydrogen, liquid fuels such as propane, natural gas, and gasoline are used to produce reformate gas. Dry reformate is typically composed of 35-45% hydrogen, 15-25% carbon dioxide, 50-10,000 ppm carbon monoxide, and a balance of nitrogen. It has been shown extensively that CO poisons the platinum catalyst used in PEMFC systems. [1] [2] [3] Carbon monoxide chemically adsorbs onto available Pt catalyst sites as shown in Eq. 1 CO ϩ Pt → CO ads ͓1͔
At concentrations as low as 10 ppm, CO lowers power output of the PEMFC-containing Pt electrodes by 50%. 4, 5 The addition of a preferential oxidation ͑PROX͒ unit to the fuel processing system can reduce CO concentrations in the reformate gas stream to approximately 50 ppm. Attempts to find catalysts both tolerant to CO and equivalent in performance to Pt have led to the alloying of Pt with Ru, Mo, W, Co, Ir, Ni, and Sn. [5] [6] [7] [8] [9] [10] Used by themselves as anode catalysts, these metals do not provide the high rate of hydrogen oxidation necessary to achieve the current densities that make PEMFCs competitive in the marketplace. 7, 11, 12 The most commonly used alloy is Pt:Ru. The Pt:Ru alloys combine the high catalyst activity of Pt with the increased CO tolerance of Ru. [11] [12] [13] The oxidation of CO ads from the platinum catalyst surface in the anode shown in Eq. 2 has been found to follow LangmuirHinshelwood kinetics 11, 12 CO ads ϩ OH ads → CO 2 
where M represents Pt or Ru. The reactions by which OH ads is formed on Pt and Ru are shown in Eq. 3 14, 15 M ϩ H 2 O → OH ads ϩ H ϩ ϩ e Ϫ
͓3͔
The formation of OH ads , shown in Eq. 3, is the rate-determining step of this reaction and occurs on platinum at potentials of 0.7 V/RHE and above. 12, 14, 15 Ruthenium has the ability to form OH ads from water at significantly lower potentials than Pt, 0.35 V for 50 atom % Ru, and 0.2 V for 90 atom % Ru. 11, 12, 15 This allows the catalytic desorption of CO as CO 2 to commence at lower potentials. There is a linear relationship between the onset of CO oxidation and Ru composition ͑i.e., the shift in potential is linear with respect to atomic fraction of Ru in the alloy͒. However, the benefit of alloying Pt with Ru has only been shown to provide near equivalent performance to pure H 2 on Pt for CO concentrations up to 100 ppm in the feed stream for low-temperature fuel cell PEMFC operation. 2, 6 The injection of oxygen into the fuel stream has also been shown to increase catalyst tolerance to CO. 13, 16 This ''air bleeding'' provides a greater concentration of active oxygen on the catalyst that will then react with CO to form CO 2 . The following reactions are assumed to occur at the Pt catalyst surface ͑in addition to Eq. 1͒
The goal of the addition of an air bleed to the anode feed is to promote the reaction shown in Eq. 5, the oxidation of CO ads , to CO 2 . Note the difference between Eq. 2 and 5. The reaction of CO ads with OH ads on Pt requires an overpotential, and hence ionic contact to the cathode region ͑in the form of the Nafion electrolyte͒, whereas the reaction shown in Eq. 5 does not. One of the problems of adding O 2 to the gas inlet stream is that the reaction shown in Eq. 6 occurs at a much higher rate than the reaction shown in Eq. 5. Only about one of 400 O 2 molecules oxidizes CO ads to CO 2 . 13 This, and the fact that the mixture becomes combustible for concentrations of oxygen in hydrogen above 4 vol %, limits the amount of oxygen in the feed stream and limits the effectiveness of the air bleeding technique.
The first objective of this study was to determine if depositing a layer of carbon-supported Ru on top of a typical carbon-supported Pt anode ͑see Fig. 1͒ increases the effectiveness of the air-bleeding technique in preventing CO poisoning. By first coming in contact with Ru instead of Pt, it was speculated that a larger percentage of the O 2 in the H 2 /CO/O 2 feed will react with CO ads than in either a Pt or a Pt:Ru alloy electrode. The selectivity of Eq. 5 and 6 would then shift toward the oxidation of CO ads . Studies have shown that the rate of hydrogen oxidation on pure Ru at 62°C ͑roughly the operating temperature used in this experiment͒ was two orders of magnitude lower than that of Pt measured under similar conditions. 12 CO has been shown to have similar adsorption strengths onto Ru as Pt. 12, [17] [18] [19] Thus, the slow H 2 kinetics of pure Ru would become an advantage, allowing a greater percentage of O 2 to oxidize CO ads to CO 2 rather reacting with adsorbed hydrogen to form water. Pt catalyst is then placed after Ru to oxidize H 2 and maintain the high PEMFC performance.
The second objective was to characterize the mechanism of CO oxidation occurring within the Ru filter by varying the Nafion content ͑10 or 35 wt %͒ within it and its placement along the anode. The Ru filter can be placed between the gas diffusion layer ͑GDL͒ and Pt anode as shown in Fig. 1 , or between the flow channels and the GDL. By varying the placement of the Ru filter, the role of Nafion electrolyte in CO oxidation could be determined.
Experimental
Development of Pt and Pt:Ru catalyst MEAs.-The method described in Patent no. 5,211,984 provides an outline for NCI and membrane electrode assembly ͑MEA͒ manufacture in this project. 20 The Pt and Pt:Ru ͑1:1 atomic ratio͒ catalysts were bonded to the Nafion 112 proton exchange membrane ͑PEM͒ in several steps. These steps included the formulation of the catalyst inks, application of the inks to decals, and transference of the dried catalyst ink from the decal to the membrane. Inks were prepared for Pt and Pt:Ru by adding the E-TEK catalyst to a solution of 5 wt % Nafion ͑DuPont͒.
The components of the ink were added to an appropriate size bottle ͑evacuated with helium to avoid sparking͒ and then stirred for a minimum of 8 h to ensure uniformity of the ink. Three-ply Teflon decals were weighed prior to applying the application of the ink. The ink was drawn across the surface of the Teflon decals using a Meyer rod. The loadings of 0.40 mg Pt/cm 2 ͑anode͒, 0.61 mg Pt:Ru/cm 2 , and 0.50 mg Pt/cm 2 ͑cathode͒ were achieved. The coated decals were then dried in an oven at 105°C and ambient pressure for 10 min to remove any remaining alcohols from the ink.
To form an MEA with an active area of 50 cm 2 , decals coated with an anode and cathode were placed on either side of a Nafion 112 membrane ͑proton form͒. The assembly was then hot-pressed for 2 min at 205°C. The assembly was cooled to room temperature before the decals were carefully pealed from the assembly, leaving an MEA.
Development of the Ru filter.-Ru filters on both the catalyst and flow channel sides of the GDL were studied. Ru inks containing 35 and 10% Nafion solids by weight, respectively, were prepared in a similar method to Pt and Pt:Ru catalyst inks. The ruthenium ink was applied to the microlayer side of an uncatalyzed Zoltek GDL with a cross-sectional area of 50 cm 2 . A Meyer rod was used to achieve a target loading of 0.21 mg Ru/cm 2 . After the Ru/C catalyst was applied, the GDLs were dried at 105°C and ambient pressure for 10 min. Ru filters placed on the flow channel side of the GDL were prepared in a similar manner and with identical loadings.
Cell assembly and testing.-The three types of 50 cm 2 membrane-electrode units ͑MEUs͒ prepared and tested are shown in Table I .
The MEUs were placed in a 50 cm 2 cell. The cell was assembled and incubated for 4-8 h at ambient pressure, cell temperature of 70°C, an anode feed of hydrogen, a cathode feed of air, and a stoichiometric ratio ͑actual flow/stoichiometric flow required for a 1.0 A/cm 2 current͒ of 1.5 at the anode and 2.0 at the cathode. Single-cell performance curves were obtained under the conditions set in Table II .
An alternate test station was used to conduct trials using CO concentrations greater than 50 ppm ͑H 2 , H 2 ϩ 50 ppm CO, H 2 ϩ 100 ppm CO, and H 2 ϩ 200 ppm CO͒. The data attained on this station were consistent and reproducible, however, problems arising from excess water entering the test cell on these trials limit comparisons of this data to a qualitative nature.
Results and Discussion
Performance of the Ru filter. -Figures 2 and 3 show the performance of a Pt:Ru and Pt ϩ Ru filter anode under five different anode feeds: (i) hydrogen, (ii) reformate; (iii) reformate ϩ 2% O 2 , (iv) reformate ϩ 1% O 2 , and (v) reformate ϩ 0.5% O 2 . In the case of Pt:Ru, as the amount of oxygen in the feed is reduced, the performance decreases in a continuous fashion. For a Pt ϩ Ru anode, there is very little difference in performance between reformate ϩ 2% O 2 and reformate ϩ 1% O 2 , but as the concentration of the oxygen in the reformate is reduced to 0.5%, there is a sudden drop in performance such that the performance curve resembles that of pure reformate. For conditions of 1-2% O 2 ͑by volume of H 2 ͒ addition to the reformate feed stream, the Pt ϩ Ru filter performed better than the Pt:Ru alloy anode. Figure 4 compares the cell performance of Pt, Pt:Ru, and Pt ϩ Ru filter anodes under conditions of reformate ϩ 1.0% O 2 bleed. Under these conditions, the Ru filter outperforms a Pt:Ru alloy anode of an identical loading by the greatest margin. At 0.6 V, the current density produced from the cell containing the Pt ϩ Ru filter is almost double that of an identical cell using the Pt:Ru alloy. The Pt:Ru shows performance improvement over the plain Pt anode only at voltages below 0.5 V.
Conversely in Fig. 5 , the cell performance of the Pt:Ru alloy for reformate ϩ 0.5% O 2 shows the greatest tolerance to CO of the three anodes. At 0.6 V, the Pt:Ru cell provides 50% more current than the Pt ϩ Ru filter. Both Ru-containing anodes do perform better than the pure Pt anode, but there is little benefit gained from using the Pt ϩ Ru filter instead of a pure Pt anode. Similarly, in Fig.  6 , with no air bleed in the reformate stream, the Ru filter shows performance resembling that of a pure Pt anode, while the Pt:Ru alloy anode exhibits some CO tolerance. In all cases these results were reproducible over several trials using different MEAs of identical loadings.
Thus, without sufficient oxygen in the anode feed to oxidize CO to CO 2 , the CO penetrates the Ru filter and poisons the Pt region of the anode. A representation of this is shown in Fig. 7 where the shading indicates the relative concentration of CO in the anode. As CO is oxidized, the concentration of CO decreases as it passes through the filter region. Figure 7a is indicative of adding 1-2% O 2 to the reformate stream. All CO is oxidized from the feed stream before it reaches the Pt portion of the electrode and as a result, the cell operates with minimal performance losses. Figure 7b illustrates that when the Ru filter fails to oxidize CO before it diffuses through the filter region, the remaining CO then encounters the pure Pt electrode where it poisons the Pt through the reaction shown in Eq. 1. A decrease of the O 2 concentration in the anode feed ͑Fig. 3͒ or an increase in the CO concentration in the anode feed stream results in the eventual failure of the Pt ϩ Ru filter anode. Figure 8 shows the performance of the Ru filter anode when using an anode feed of hydrogen, 2% O 2 , and various levels of CO. When 50 ppm CO is present, there is almost no reduction in performance (0.43-0.42 A/cm 2 at 0.6 V͒. This is inconsistent with the same amount of CO contained in a reformate stream ͑Fig. 3͒ and can be attributed to the dilution of hydrogen in the reformate stream. ͑Com-pletely humidified at 70°C, reformate ϩ 2% O 2 in the form of an air bleed contains 28% H 2 by volume compared to a 70 vol % H 2 for an H 2 ϩ 2% O 2 feed.͒ Because hydrogen must diffuse through the Ru filter in order to react on the Pt electrode, additional diffusional resistance accounts for the remaining performance losses compared to the perfomance of a baseline MEA with an anode feed of pure hydrogen. As the CO level increases to 100 ppm, the current density decreases from 0.42 to 0.38 A/cm 2 at 0.6 V, indicating that the limit of the Ru filter may have been reached. At 200 ppm CO, the drop in performance is much larger ͑0.38-0.23 A/cm 2 at 0.6 V͒. In this case, not all the CO is oxidized in the Ru filter region, resulting in the poisoning of the Pt portion of the electrode. This trend is qualitatively similar to the reduction of the air bleed as shown in Fig. 3 .
Mechanism of the Ru filter.-Equations 2 and 5 present two different methods for CO oxidation. In the mechanism shown in Eq. 2, the oxidation of CO generates H ϩ , whereas the CO oxidation described in Eq. 5 produces no ions. Thus, by removing the electrolyte that allows H ϩ to diffuse away from the reaction site, CO oxidation through the mechanism in Eq. 2 can be effectively prevented. This enables the CO oxidation through Eq. 5 to be isolated and analyzed.
The isolation of the Ru filter was achieved by applying it to the flowfield side of the electrolyte, thus separating it from the Pt electrode by the GDL. The Toray GDL contained no Nafion electrolyte and was sufficiently thick ͑175 m͒ to provide adequate separation from the Pt electrode. To further characterize these two mechanisms, Ru filters containing 10 wt % Nafion were tested on both the membrane and flowfield sides of the GDL. Figure 9 shows the effect of varying the Nafion content within the Ru filter and the effect of the placement of the Ru filter for an anode feed of reformate ϩ2% O 2 . Of the four types tested, the Ru filter placed on the membrane side of the GDL and containing 35 wt % Nafion showed the greatest performance. Both Ru filter types In ͑a͒ all CO is oxidized within the filter region and the Pt catalyst receives CO-free gas. In ͑b͒ the concentration of CO in the inlet gas is too great to be completely oxidized within the filter and poisons the anode catalyst. placed on the flowfield side of the GDL provide almost no benefit over the pure Pt anode, providing 0.14 and 0.16 A/cm 2 at 0.6 V compared to 0.34 A/cm 2 . The Ru filter on the membrane side of the GDL and containing 10 wt % Nafion performed similar to the 35 wt % filter for 0.6 V and above, but the lack of electrolyte present most likely induced H ϩ diffusion limitations at a lower current density. Thus, it is believed that the following mechanism is occurring in the ruthenium filter for a fully humidified fuel stream containing oxygen, hydrogen, and carbon monoxide [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Ru ϩ H 2 ↔ 2H ads ͓7͔
Ru ϩ CO ↔ CO ads ͓8͔
Reactions 7-9 represent the adsorption of species onto the Ru catalyst. Reaction 10 represents an intermediate reaction on Ru resulting in the formation of OH ads . Like on Pt, oxygen dissociatively adsorbs on Ru to form O ads . 25, 29, 32 Reactions 11-14 represent competing desorption reactions on the Ru catalyst. Equation 13 is well documented as following Langmuir-Hinshelwood kinetics on Pt and Ru. 34, 35 Of the desorption reactions, Eq. 11 and 13 are desired as they result in the oxidation of CO ads . The above-described mechanism is not a comprehensive list of all reactions occurring within the anode region. It focuses on those reactions that lead to CO oxidation. For example, evidence has been found that H 2 O 2 is formed as an intermediate during oxygen reduction at overpotentials as low as 0.5 V. 36 However, H 2 O 2 breaks back down to oxygen-containing compounds at or even before reaching the catalyst surface. 2, 5, 13 The rationale for the placement of the filter on the flowfield side of the GDL is that if the oxidation of CO ads were to proceed via Eq. 11, a three-phase interface ͑anode gas, Nafion, and Pt/C͒ is not needed in the catalyst mixture because there are no ions or electrons to be transported away from the reaction site. Because some Nafion is necessary in the Ru filter to act as a binder, the Ru filter was merely placed on the flowfield side of the GDL. There is no Nafion electrolyte in the GDL to allow proton transport and the GDL is sufficiently thick (ϳ5 mil). Without the Nafion electrolyte as a conduit and because of the long distance that the protons must travel, the formation of CO 2 through Eq. 11 does not occur to any significant extent and the reaction shown in Eq. 13 is isolated. Thus, the amount of CO ads oxidized through the reaction shown in Eq. 13 is also insufficient to provide the levels CO tolerance shown in both Fig. 3 and 8 . This is consistent with literature, where it is also shown that Ru is one of the least active metals for this method of CO oxidation at the oxygen partial pressures used in these experiments. 25, 29 Further evidence of the role of Nafion content in the membrane is shown for the cases in Fig. 9 . Significant CO oxidation only occurs when the Ru filter is placed adjacent to the Pt anode. This is evidence that protons are formed as product of CO oxidation. The Nafion electrolyte is the necessary conduit for the protons to move away from the reaction site and when this conduit is present, cell performance increases when all other parameters are unchanged. The increased performance under conditions of increased Nafion content shown in Fig. 9 is further proof that CO ads oxidation is occurring by the mechanism that involves the formation of protons which is described in Reaction 11. Thus, Reaction 13 does occur to a small extent as evidenced by the slight increase in performance when the filter is placed on the flowfield side of the GDL, but the rate of Reaction 11 is far greater than Reaction 13 when the filter is ionically connected to the MEA.
The hydroxyl group in Reaction 11 can be formed either from oxygen through Reactions 9 and 10 or from water through Reaction 12. In fact, both are occurring within an Ru filter when it is adjacent to the Pt anode. The mechanism primarily responsible for the CO tolerance of the Pt:Ru alloy is comprised of Reactions 11 and 12. Figure 6 shows that in the absence of an air bleed, there is only a small performance increase relative to a pure Pt anode. Thus, the formation of OH ads through the reverse of Reaction 12 is not the primary source of the hydroxyl species needed for Eq. 11. It is clear that the Pt:Ru alloy performs better under reformate conditions. Gasteiger 11, 12, 14, 30 performed extensive research on this mechanism and found that while OH ads is indeed formed at lower potentials on Ru than Pt, the hydroxyl group also forms a stronger bond on pure Ru than a 1:1 atomic ratio Pt:Ru alloy, resulting in higher CO oxidation potentials on pure Ru than on the Pt:Ru alloy. It can be speculated that the rate of formation of OH ads in the Ru filter is equivalent to that in the Pt:Ru alloy. 30 However, it is clear from Fig.  6 that without the presence of oxygen in the anode feed that only a fraction of the CO is oxidized in the Ru filter and that the remaining CO poisons the Pt anode.
Thus, the primary method by which CO tolerance is achieved by the Ru filter is by the formation of OH ads from oxygen in the air bleed. The explanation of near complete oxidation of CO at concentrations up to 100 ppm is the result of Reactions 9-11. That near CO-free performance is achieved with the addition of 2% O 2 to the anode feed while the filter provides almost no benefit under reformate conditions is evidence that Reactions 9-11 are the primary means of CO oxidation within the filter region.
The key is that O ads forms OH ads before reacting with a second proton to form water. This is where the benefit of the Ru filter lies. The oxidation of H ads occurs within the filter according to Reaction 14 forming H ϩ . Because the kinetics of hydrogen adsorption on Ru is several orders of magnitude slower than on Pt, there is a lower concentration of H ads in the filter region and more of an opportunity for CO ads to react with OH ads , resulting in the formation of CO 2 . The bulk of the hydrogen oxidation occurs in the Pt region. However, protons must be present within the Ru filter for Reaction 10 to occur, and because these protons will also shift Reaction 12 toward the formation of H 2 O, there is a limit to the benefit of the Ru filter.
Conclusions
For an anode feed stream consisting of reformate ͑containing 50 ppm CO͒ and 1-2% oxygen, the Pt ϩ Ru filter electrode shows increased CO tolerance compared to a Pt:Ru alloy containing similar amounts of Pt and Ru. For CO concentrations up to 100 ppm and 2 vol % O 2 , the Pt ϩ Ru filter anode also shows superior performance. It is likely that the oxidation of the CO within the Ru filter is primarily due to oxygen reacting to form OH ads , which then electrochemically reacts with CO ads to form CO 2 and protons.
However, with insufficient oxygen (Ͻ1 vol %) or too much CO (Ͼ100 ppm), not all CO is oxidized in the Ru filter. Remaining CO reaches and then poisons the Pt region of the Pt ϩ Ru filter anode. As a result, cell performance under those conditions is worse than the Pt:Ru alloy anode.
Because benefits of the Ru filter occur at high levels air bleed ͑2% O 2 ͒ and the Pt:Ru alloy provides CO tolerance even without air bleed, it is suggested that the anode configuration that would provide optimal CO tolerance would consist of an Ru filter placed in front of and adjacent to a Pt:Ru alloy.
